We show that the thermal emission of a finite-size blackbody emitter can be enhanced. We experimentally observe a four-fold enhancement of the far-field thermal emission of a carbonblack emitter having an emissivity of 0.85.
Abstract:
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An idealized macroscopic blackbody emitter of an area S at a temperature T, in direct contact with free space (Fig.   1a) , has a total emission to far-field vacuum of 4 S T , where is the Stefan-Boltzmann constant, as prescribed by the well-known Stefan-Boltzman law. Any actual macroscopic thermal body cannot emit more thermal radiation than a blackbody. The Stefan-Boltzman law provides an important theoretical foundation for much of the recent works aiming to design nanophotonic structures in order to tailor the spatial and spectral properties of far-field thermal emission 1 . In contrast to the standard geometry that Stefan-Boltzman law is applied as shown in Fig. 1a , we consider an alternative geometry, as shown in Fig. 1b , where the emitter is instead in contact with a thermal extraction device such as a hemispherical dome that is transparent. In this case, we show both theoretically and experimentally that, under proper conditions, the emission to far field vacuum can exceed 4 S T , in spite of the fact that the thermal extraction device itself is completely transparent and does not emit any thermal radiation. In the experiment, we use carbon black ink as the thermal body. It has a refractive index around 2.3 and an emissivity around 0.85 in the near to mid infrared regime. A circular carbon dot is coated on a polished Al sample holder, which provides a low emission background. The dot has a radius r = 1.025mm with an area of 3.3mm 2 (Fig.  2a) . For the thermal extraction device, we use a hemispherical dome made from ZnSe, a transparent material with negligible thermal emission in the near to mid IR region. The hemisphere has a diameter of 6mm and refractive index 2.4 (Fig. 2b) . It ensures that light entering into the hemisphere from the thermal emitter is not trapped by the total internal reflection at the dome interface. The aluminum sample holder is placed on a temperature-controlled heater (Fig. 2c, d ). The entire heater is placed in a vacuum chamber (~10 -6 torr) to avoid oxidation of ZnSe and to maintain thermal stability. The source is observed through a CaF 2 window on the vacuum chamber. The thermal emission is collected by a parabolic mirror and sent through an aperture to a Fourier transform infrared (FTIR) spectrometer.
978-1-55752-973-2/13/$31.00 ©2013 Optical Society of America The total thermal emission power is obtained by integrating over all angles and all wavelengths in the range of 2 to 8 m using FTIR measurement calibrated with a blackbody simulator. The total emission is 10.4mW for the ideal thermal body of the same area, 7.6mW for the bare carbon dot, and 31.3mW for the carbon dot with the dome. Fig. 3 Infrared images of the thermal sources maintained at a temperature of 553K. Images are taken at 0, 30 and 60 degrees. All images have the same color scale. Values on the color scale bar are linearly proportional to the photon counts of detectors in the camera. In all images, the most outer bright regions are the heater surface beneath the Al sample holder. a) Bare carbon dot. The Al plate has a holder for the hemisphere, the edge of which is visible due to its slightly higher emissivity. b) The carbon dot is in optical contact with ZnSe. Notice that the entire dome lights up at the normal direction and significant emission even at 60 degree angle, demonstrating thermal extraction. c) ZnSe hemisphere is spaced away from carbon dot by 30 micrometers a distance sufficient to prevent thermal extraction. In this case, ZnSe hemisphere only redistributes emission among different directions. Fig. 3 shows the thermal emission profile taken by an infrared camera. Thermal extraction medium (Fig. 3b) enhances the apparent emission area of the emitter (Fig. 3a) . As a comparison, we show the case where the ZnSe hemisphere is spaced away from the carbon dot. The thermal extraction effect is absence in this case. For normal direction, the apparent emitting area is larger as compared with that of the bare dot. But the apparent emitting area decreases very rapidly with angles. At large angles, the apparent emitter area is smaller compared with the case of the bare dot. This shows that thermal extraction is fundamentally different from a focusing effect.
